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ABSTRACT 



00 

CN I We use deep Hubble Space Telescope images taken with the Advanced Camera 

for Surveys (ACS) in the F475W and F814W filters to investigate the globular 
w I cluster systems in four edge-on Sa spiral galaxies covering a factor of 4 in lumi- 

nosity. The specific frequencies of the blue globular clusters in the galaxies in 
our sample fall in the range 0.34 - 0.84, similar to typical values found for later- 
type spirals. The number of red globular clusters associated with the bulges 
^ ' generally increases with the bulge luminosity, similar to what is observed for el- 

j^ I liptical galaxies, although the specific frequency of bulge clusters is a factor of 

2-3 lower for the lowest luminosity bulges than for the higher luminosity bulges. 
We present a new empirical relation between the fraction of red globular clusters 
psj I and total bulge luminosity based on the elliptical galaxies studied by ACSVCS 

p^ ' (ACS Virgo Cluster Survey), and discuss how this diagram can be used to assess 

Tj- ■ the importance that dissipative processes played in building spiral bulges. Our 

C^ ■ results suggest a picture where dissipative processes, which are expected during 

Q ' gas-rich major mergers, were more important for building luminous bulges of 

Sa galaxies, whereas secular evolution may have played a larger role in building 
lower-luminosity bulges in spirals. 

j^ ■ Subject headings: galaxies: spiral — galaxies: individual(NGC 4710, NGC 4866, 

NGC 5308, NGC 5475) — galaxies: evolution — galaxies: formation — galaxies: 
star clusters: general — galaxies: bulges 
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Introduction 



The assembly histor y of spiral galaxies rema i ns on e of the most pressing questions in 



astrophysics today (e.g., iKormendy &: KennicuttI |2004| ). In particular, we do not have a 
clear picture of the formation mechanism for the central bulges of spiral galaxies. In the 
early universe, galactic evolution was primarily driven by violent merging and dissipative 
collapse. Mergers are accompanied by dissipation and star formation and are believed to 
make classical bulges and elliptical galaxies. Are bulges of spirals simply "small ellipticals" , 
having formed through vigorous star formation through short time scale dissipative processes 
or merging during the early universe , with disks assembled later on? Or is bulge formation 
through secular evolution of inner disk stars a more common mechanism? Secular evolution 
is a slow process and involves the redistribution of disk material. In this scenario, material is 



driven into the ga laxy center by means of a bar instability (e.g., iPfenniger &: Normanlll990 



Sheth et al.ll2005) or a minor inte raction with a small satellite galaxy (up to 10% of the main 
galaxy mass; see iPfennigerl ( 119991 )). triggering low-level star formation. As a result, galaxies 
would evolve from late-types to early-types with the growth of their bulges. A relatively new 
and powerful way to probe these fundamental questions is the study of the spheroids and 
their associated globular cluster (GC) systems in early-type spiral galaxies. 

In "normal" elliptical galaxies, previous HST studies have shown that the broad-band 
color distribution of the GC systems are more consistent with two subpopulations of star 
clusters. Under the assumption that the globular clusters in these systems have ages greater 
than a few Gyrs, this color difference indicates the presence of two GC po pulations of dif- 
ferent metallicities: Blue (metal - poor) and red (metal-rich) clusters ( e.g 



Gebhardt et al. 



19991 : iKundu fc Whitmord I2OOII : iLarsen et al.l I2OOII : IPeng et al.l 120061). The specific fre- 
quency of GCs {Sn, the total number of GCs per u nit galaxy lumin osity) in "normal" 
ellipticals is high, typically in the range 1.5-4 (e.g., iPeng et al.l l2008l ). The spatial dis- 
tribution and colors of massive metal-rich (red) GCs closely follow that of the spheroidal 
light (i.e., th e "bulge"), whereas the metal-poor (blue) GC system is usually more extended 
( "halo-hke" , kundu fc Whitmorel Eggsl : loirsch et al.lboosi IPuzia et al.ll2004i iRhode fc Zepi 



2004 : iGoudfrooij et al.ll2007f ) . This is generally interpreted as strong evidence that the forma- 



tion of elliptical galaxies involved the formation of large numbers of such massive metal-rich 
GCs, and hence that star formation occurred in a vigorous and rapid manner ("dissipative 
collapse" ) . 

If the bulges of spirals formed in a manner similar to that in ellipticals, we expect 
galaxies with larger bulge-to-total luminosity ratios to be associated with a larger number 
of clusters. At face value, these results seem consistent with a relatively simple picture in 
which GC systems of spirals are made up of a "universal" halo population of metal-poor GCs 
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that is present in each galaxy, plus a metal-rich bulge population which grows with the bulge 
mass or luminosity. On the other hand, in the "secular evolution" scenario, galaxies would 
evolve from late-types to early-types with the growth of their bulges, but the properties of 
their GC systems would remain largely unchanged because low star formation rates do not 
allow for the forma tion of star clusters that are massive enough to survive a Hubble time 



[e.g. 



Bastianll2008f l. 



Studies of GC systems in spi rals with Hubble typ es of Sb and later (JGoudfrooij et al. 



20031 ) and nearby face-on spirals ( IChandar et al.ll2004j ) showed that they have S^ values of 
0.55 ± 0.25, i.e. much low er than in ellipticals, whereas earlier-type spirals typically have 
higher Sn values (see also iGeorgiev et al.ll2010[ ). This scenario would indicate that spiral 
bulges are like small ellipticals having formed early on through rapid dissipative collapse 
and now residing at the center of a large disk which was mo stly assembled later . Based on 
properties of GC systems in the Milky Way, M31, and M104. iForbes et al.l ( l200ll ) suggested 
that red, metal-rich GCs in spirals are associated with bulges, and are the direct analogs 
of the red GCs seen in ellipticals. If this association can be verified and established, this 
would provide an important causal link between the formation of metal-rich GCs and that 
of spheroidal systems (i.e., bulges and ellipticals). Thus, a thorough study of GC systems 
in spirals can provide important new clues regarding the formation of bulges/spheroids in 
spiral galaxies. 

In the simple picture described above, the unambiguous detection of a relationship 
between bulge luminosity/mass and the specific frequency of GCs is highly dependent on the 
results for bulge-dominated spirals (i.e., Sa galaxies) but studies of GC systems of Sa galaxies 
are still rather sparse. In this paper, we test the two basic scenarios for the formation of bulges 
in Sa galaxies: (1) vigorous star (and cluster) formation through rapid dissipative processes 
which could be triggered by merging and (2) the slow secular evolution accompanied by low 
levels of star formation. We present the results of a new study of the GC systems of four edge- 
on, bulge-dominated (early-type) spiral galaxies. We focus on the GC color distributions and 
the relations between the GC specific frequency Sn and host galaxy luminosity as well as 
the bulge-to-total luminosity ratio. 



2. Observations and Analysis of HST/ACS Data 

As part of i/S'T program GO-10594 (PI: Goudfrooij) we selected four nearby, edge-on, 
bulge-dominated spiral galaxies to study their GC systems. These galaxies all have the same 
morphological type (Sa), and they span a factor of ~ 4 in luminosity. The basic properties of 
our target galaxies, including their distance and absolute magnitude in the B and K bands 
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are given in Table 1. 

Observations were made using the Wide Field Channel (WFC) of the Advanced Camera 
for Surveys (ACS) aboard the Hubble Space Telescope in the F475W and F814W filters. The 
WFC has a 202" x 202" field of view with a plate scale of 0".05 per pixel. We chose 
these filters as the best compromise between high sensitivity and long color baseline. Total 
exposure times ranged from 1164 sec to 3820 sec in F475W and from 1000 sec to 2320 sec 
in F814W. The fiatfielded images produced by the HST pipeline were run through the task 
MULTIDRIZZLE, with the background subtraction turned off, resulting in geometrically 
corrected images with most cosmic rays removed. These images are shown in Fig. [TJ 



Object detection was done following the general procedure described in lMaybhate et al. 

( 20071 ). First, we removed the strong and varying galaxy light by applying a circular median 
filter of radius 15 pixels and dividing the image in each filter by the square root of this median 
image thus providing uniform shot noise characteristics over the whole frame. Object finding 
was done on the square root divided images in each filter. We detected sources in our images 
using the DAOFIND task in IRAF using a detection threshold of 4a above the background. 

Next, we selected candidate GCs from the source lists by separating them from fore- 
ground stars and background galaxies based on their colors and morphology. Total magni- 
tudes of these sources were measured and transformed from STMAG to SPSS q- a nd Cousins 
/band using the SYNPHOT package within STSDAS (see iMaybhate et al.ll2007l ). Our final 
selection of cluster candidates was done based on the following criteria: 



1-1 < g-i < 2.2 

Mj brighter tha n 1.0 mag beyond the exp ected turn-over of the luminosity function 
(M/^o = -8.46: iKundu fc Whitm^boOlJ ) 



1.5 < FWHM < 5.0 pixels 

0.9 < magnitudes between aperture radii of 1 pixel and 3 pixels < 1.6 



We apply criteria for both the FWHM and the concentration index since we found pre- 
viously that using only one of these does not fully reject extended sources (see Fig. 1 in 
Goudfrooij et al.l (120071 )). We perform artificial cluster experiments to determine the com- 
pleteness of our samples, by randomly distributing synthetic point sources with magnitudes 
between 22.0 and 28.0 over five distinct background levels in the /-band image for each 
galaxy. Batches of 100 sou rces each were added a nd recovered from each image in brightness 
intervals of 0.25 mag. See IMaybhate et al.l (120071 ) for details of this procedure. 
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Sources with completeness fractions > 50% were selected to make the final list of GCs. 
The final lists contain 44, 63, 191, and 273 clusters for NGC 5475, NGC 4710, NGC 5308, 
and NGC 4866 respectively. 



3. Structural Parameters for Target Galaxies 

We use the HST images to determine the ratio of bulge to total luminosity (B/T) for 
each galaxy. Bulge parameters were derived for each galaxy using the / -band image and the 
bulge/disk decomposition method described in iGoudfrooij et al.l (I20031) with one exc e ption : 
Rather than fitting an exponential profile (representing a disk) plus a ide Vaucouleurj (Il953l ) 
ri/4 profile (representing a b ulge) to the observed minor-axis profile of the galaxies, we fit 



an exponential profile plus a ISersid (119631 ) profile 

Ss,c exp {-a [{z/zs 



^s{z) 



.l/n 



11} 



where Zs,e is the Sersic effective radius along the minor axis, a is a scale factor, Es,e is the 



intensity at z 



and n is the Sersic parameter indicating the slope of the bulge profile. 



The fit was done by means of an iterative non-linear minimization routine after making 
initial estimates of the fit parameters using bootstrap tests. Areas where dust extinction is 
apparent in the image were fiagged and ignored during the fitting process. Minor-axis Zs^e 
values were converted to bulge effective radii rs,e = 2s,e/Vl — e where e is the ellipticity of 
the bulge as derived from ellipse fits to the J-band image (using the STSDAS task ellipse). 
Total bulge luminosities B were then derived using 



B 



22.7 exp(2n - 0.324 - a) S,,e <^ 



(cf.lCiQttilll99l|) 



Since these galaxies do not entirely fit on the ACS/WFC images, it is not possible to 
estimate the total /-band luminosity using our images alone. Assuming that the photometric 
growth curves of the target galaxies are the same for I as for J, since these two bands are 
reasonably close in wavelength, we apply the aperture correction from 14" to infinity that 
is available from the 2MASS catalog to derive the total /-band magnitude for each galaxy. 
B/T values were determined for each galaxy from these values for the total luminosity and 
the bulge luminosity computed above. Resulting values for rs,e, n, and B/T are listed in 
Table [D 
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Color Distributions of the Globular Clusters 



Many GC systems have bimodal color distributions, which provide important clues to 
the formation of the host galaxies. Since most previous studies of GC systems used V — I 
colors, we transformed V — I to q — I using the GALEV simple stellar population models 
(jAnders &: Fritze-v. Alvensleberu l2003l ) for an assumed age of 13 Gyr. The GALEV models 
are calibrated to the ACS filters and treat the chemical evolution of the gas and the spectral 
evolution of the stellar content simultaneously. They also include absorpt ion as well as 
emission, both line and continuum. Using the results of iLarsen et al.l (1200 ll ). we find that 
typical peaks for GC systems in E/SO galaxies a re expected to occur a t q — / values of 1.35- 
1.40 for the blue (metal-poor) clusters (see also iMavbhate et all 120071 . boooh and 1.72-1.85 
for the red (metal-rich) clusters. Using the bulge luminosities of our sample galaxies, the 
linear relations betw een peak V — I colo r (for both blue GCs and red GCs) and elliptical 
galaxy luminosity of iLarsen et al.l (1200 ll ) are used to predict g — I colors to divide "blue" 
and "red" clusters. These colors are listed in Table [H Figure [T] shows the positions of the 
red and blue cluster candidates on the /-band ACS image. 

NGC 4710 is the nearest galaxy {m — M = 31.0) while the other three are more distant 
by a factor of 3-4. As a result, the ACS image of NGC 4710 covers the smallest radial extent 
(~14 kpc). Therefore, we only consider GCs that lie within 14 kpc in all galaxies, and 
i nvestigate whether or not their color distributio ns are bimodal using the KMM algorithm 
(JMcLachlan fc Basfordlll988l : lAshman et al.lll994j ). We kept the dispersions the same for the 
two gaussians and found that the p-value ranged from 0.00 to 0.018. Low-p values reject 
the hypothesis that the examined distribution resulted from a single Gaussian distribution. 
Histograms of the g — I color distributions within 14 kpc and the KMM fits are shown in 
Fig. [2J In all four target galaxies, we detect a dominating blue GC population at g — I ~ 
1.4. This is consistent with the old, metal-poor cluster population seen in normal elliptical 
galaxies. We also clearly detect a redder population at (7 — / ~ 1.8 in the more luminous 
galaxies, NGC 5308 and NGC 4866 and at g—I ~ 1.6 in the less luminous galaxy, NGC 4710. 
NGC 5475 does not show a significant red GC population. The peaks detected by the 
KMM algorithm are given in Table 1. The red peak colors at g — I ~ 1.8 and 1.6 are 
consistent with the c olors of old, metal - rich clusters seen in elliptical galaxies with similar 
(bulge) luminosities (ILarsen et al.ll200ll : iPeng et al.l 120061 ). Reddening does not seem to be 
significant in the galaxies and we do not expect that any reddened "blue" clusters were 
classified as "red" since the KMM shows a clear bimodality. Had the blue clusters been 
reddened considerably, we would have expected to see more clusters in the valley between 
the two gaus sians and not a clear bimod ality. A measurement of potential reddening in 
ellipticals by iGoudfrooij fc de Jongj (119951 ) . using IRAS (infrared) data and optical colors, 
showed that any color gradient is small, with B — I below 0.03 per dex. These results 
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for ellipticals suggest that reddening should not significantly affect the colors of clusters in 
early-type galaxies, such as the ones studied here. 



5. Specific Frequency of Globular Clusters 

We constructed the GC luminosity functions (GCLFs) for the galaxies within the inner 
14 kpc in the /-band after completeness corrections, and determined turn-over magnitudes 
(M/^q) by means of a Gaussian fit. 

The total number of clusters within 14 kpc was computed by doubl ing the number 
of observed clusters brighter than Mj^^ (cf. [Harris fc van den Berghl Il98ll ) for all galaxies 



except NGC 5308 for which we used M/j,q=-8.46 since it showed a much brighter M/j,^ (see 
Table 1.) Correction for incomplete spatial coverage within 14 kpc was done by assuming 
a symmetric cluster distribution. Using M/ L ratios and the rela tion between the spatial 
extent of GCs and the mass of the galaxy from lRhode et al.l (120071 ) . we estimate the extent 
of their GC systems to be ~14 kpc (NGC 5475 and NGC 4710), 20 kpc (NGC 5308), and 35 
kpc (NGC 4866). It is clear from Fig. [T]that we do not sample the full azimuthal extent of 
the GC system beyond a radius of 14 kpc in NGC 5308 and NGC 4866. In Fig. [3] we show 
the number density (number of clusters per sq. kpc) vs the radial distance from the center of 
the galaxy for each target galaxy for the entire radial coverage in the ACS image. We have 
also added the number density profile for the Milky Way for comparison. The bottom panels 
of Fig. |3] show that the radial density profiles of GCs from 14 kpc to 20 kpc in NGC 5308 
and from 14 kpc to 35 kpc in NGC 4866 are similar to that in the Milky Way. Hence, we 
used a (scaled) extrapolation of the GC system beyond 14 kpc from the Milky Way profile. 

Using the radial distribution of the metal-poor a nd metal-rich Galactic GCs as deter- 
mined from the current version of the iHarrid (119961 ) catalog, we then estimate the total 
number of GCs in each of our sample galaxies and calculate the total specific frequency 
{Sj^) of the GC systems. Sn is defined as the num ber of star clusters per galaxy luminosity 
normalized to an absolute V magnitude of —15 ( jHarris fc van den Berghl Il98ll ). We also 
compute Sn for blue clusters alone. See Table [1] for results. 

We could not find a V magnitude for NGC 5475 in the literature so we interpolated 
the SDSS ugriz magnitudes and then converted the interpolated ABMAG to a Vega-based V 
magnitude. The left panel of Fig. Hlshows the relation between the total B luminosity of each 
galaxy and Sn- For our sample galaxies, values for both the total .Sat and the blue Sn ar e 



shown. Tota l ^Af v alues for early-type and lat e-type spirals from iGoudfrooij et al.l ( 120031 ) . 
Rhode et al.l (|2007| ). and IChandar et al.l (120041 ) are also shown. We see that our blue S^ 



values (0.34 - 0.84) mostly lie within the typical Sn values for late-type spirals (0.55±0.25) 
found by these authors. This strengthens the argument that GC systems of spirals are made 
of a universal halo-population of metal-poor GCs that are present in all galaxies. 



Discussion 



Here, we focus on using the properties of the red GCs to better understand bulge 
assembly. The right panel of Fig. H] shows the relation between bulge luminosity and the 
total number of red GCs (red symbols), as well as the number of red GCs located within 2i?e// 



of the bulge 



(ISpitler et al. 



bulg e" GCs; black sy mbols), for our sample plus the Sa galaxies NGC 4594 



20061) and NGC 7814 (ICoudfrooii et al.ll2003h . The total number of red GCs 



and bulge GCs clearly increase with bulge luminosity. The superimposed hues of constant 
specific frequency (Sn) show that the specific frequency does not remain constant but changes 
with bulge luminosity. Low- luminosity bulges (with My > —20) have lower values of Sn 
than higher luminosity bulges. Secular evolution leads to an increase in bulge luminosity 
without a corresponding increase in the number of bulg e clusters, since th e low star formation 
rates associated with secular building of bulges (e.g., ISheth et al.l 120051) do not lead to the 



formation of clusters massive enough to survive a Hubble time ( iBastianl |2008| ). Secular 
evolution therefore predicts no trend in the number of bulge clusters with bulge luminosity. 
On the other hand, bulge assembly through vigorous star formation events such as those 
occurring during mergers or interactions of g as-rich galaxies is known to be associated with 



19961 : Miller et all 119971 : ICoudfrooii et al.ll2001 



the formation of massive star clusters (e.g.. IWhitmore fc Schweizerl 1 19951 : ISchweizer et al. 



2004 



20071 ). Since the right panel of Figure 



4 indicates that the number of bulge clusters increases with bulge luminosity (especially 
among the more luminous bulges), it seems fair to conclude that vigorous star formation 
events dominated secular evolution during the assembly history of those bulges. 

Disruption of GCs, on both long and short timescales, can potentially affect S^. We first 
consider the two disruption processes that have the most significant impact on the long-term 
survival of bu lge GCs: Two-body relaxation (sometirnes called "evaporation" ) and dynamical 



fricti on (e.g.. lGnedin fc Ostrikerl 119971 : iFall fc Zhangll2001t IVesperinill2001t iPrieto fc Gnedin 



20081 ). We only consider GCs brighter than or equal to the tu rnover luminosity, corresp onding 
to a mass oi ^ 2 x 10^ M q for an age of 12 Gyr (e.g., iMcLaughlin fc Fall! 120081 ) . since 
these are the only clusters used in the S^ ca lculation. For evaporation, we use the simple 



parametrization of iMcLaughlin fc Fall! ( 120081 ). which evolves an initial Schechter function 
over time, at rates that depend on the internal density of the clusters. Differences in age 
have a small effect on Sn, at the ~ 10% level, since for a typical density, the number of 
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clusters more massive than the turnoff decreases by only 12% between 1.5 and 12 Gyr, and 
by 9.8% between 3 and 12 Gyr. Based on the data presented in [Jordan et al.l (120051 ) . the sizes 
of red GCs are similar in the low and high- luminosity bulges of elliptical and SO galaxies, over 
a similar range of cluster luminosities. This suggests that the internal densities, and hence 
the evaporation rates, are also similar for (bulge) GCs in galaxies with very different bulge 
luminosities. Over a Hubble time, dynamical friction will destroy GCs within two effective 
radii of the bulge if they are m ore massive than M.ac ^ 3 x 10~^A^gai (where A^gai is the 
total mass of the host galaxy) (JGnedin fc Ostriken 119971 ). The largest effect will therefore 



occur for GCs more massive than Aicc ^ 1 ^ 10^ M © in NGC 5475, our lowest- luminosity 
galax y, with My = —19.72 (.M gai ^ 3 x 10^^ Mq assuming M/Ly = 6.1 for an Sa galaxy 



[e.g., iFaber fc Gallagher! Il979l )). Clusters this massive only represent a fraction < 0.09 of a 
typical GC mass function. Therefore, we do not expect processes that affect GCs on long 
timescales to impact the S'jv values plotted in Fig. 4 at much more than the 10% level, which 
is smaller than the typical uncertainty in Sn- 

Processes that disrupt clusters on shorter (r < 10^ yr) timescales are not as well under- 
stood as evaporation and dynamical friction, nor is it known whether the processes which 
disrupt young clusters in galaxies today are similar to those experienced by GCs during their 
youth. There is however, recent evidence which suggests that the early di sruption of clus- 



ters in nearby galax ies does not vary strongly from galaxy to galaxy (e.g., iFall et al.l 12009 
Chandar et al.ll2010l ). because it is dominated mainly by processes internal to the clusters 
themselves. If this was also true for the early evolution of GCs, then disruption processes in 
general should not have impacted S^ differently from galaxy to galaxy. 

The left panel of Fig. [5] shows the fraction of red clusters (/red = -^red/(^red + Nu-^c)) 
versus bulge luminosity. The solid line shows an empirical relation between f^ed and bulge 
luminosity for elliptical galaxies, based on the compilation of lPeng et al.l ( 120081 ) . and provides 
a prediction of /red when bulges form purely via dissipative merging, /red increases with bulge 
luminosity and then drops off, likely due to the fact th at the Sn of blue GCs increases with 
increasing galaxy luminosity in B. ( iRhode et al.ll2005l ). Assuming that the number of blue 
GCs in spirals scales with the total luminosity of the host galaxy, there should be a factor of 
1/{B/T) more blue GCs per unit bulge luminosity in spirals relative to ellipticals. Hence, the 
expected fraction of red GCs in spiral galaxies with different B/T ratios in this dissipative 
scenario is given by /red,diss = N^ed/iN^cd + Nune x 1/{B/T)). /red,diss is shown for three 
different B/T ratios (0.75, 0.50, and 0.25) with dashed lines in Figure |5l Open squares 
mark values of /red.diss predicted red GC fractions based on the observed B/T ratios of our 
sample spirals. The right panel of Figure E] is a similar plot but for red clusters within 2 -Re// 
of the galaxy bulges, which we derive to be a fact or of 0.37±0.10 low er than the to t al red 
fraction, using -Re// values from iFaber et al.l (Il989[ ) and GC data from iJordan et al.l (|2009[ ) 
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and lPenget all (120081 ). 



From Fig. E] we observe the following trends: The fraction of all red GCs shows a 
trend similar to that seen in ellipticals (solid curve). However, comparing the fraction of 
all red GCs to that of bulge GCs reveals some intriguing results. Spirals with faint bulges 
{Mb > —19.5 mag) tend to have fractions of red bulge GCs (asterisks in Fig. |5]) that fall 
significantly below the values predicted from their B/T ratios (open squares), i.e. below 
the values expected from purely dissipative processes. However, the fraction of bulge GCs 
are generally consistent with those expected from merging processes for galaxies with higher 
luminosity bulges, NGC 4866 and NGC 4594. NGC 4866 has a relatively large Rejf, and 
the high value observed for the bulge clusters in the right panel of Fig |5] is likely due to the 
inclusion of some disk clusters. 



7. Conclusions 

We have studied four edge-on Sa galaxies and investigated the properties of their GC 
systems and their relation to their host galaxy bulges. We find that the total number of 
red clusters as well as the red clusters associated with the bulge in Sa spirals increase with 
increasing bulge luminosity. However, the bulge S^ of lower luminosity Sa's are a factor 
of 2-3 lower than those of higher luminosity spirals. We also find that all galaxies in our 
sample host a blue, presumably old metal-poor GC system with estimated specific frequencies 
ranging from 0.34 to 0.84, consistent with typical values seen in late-type spirals. We detect 
a number of red disk clusters in all the sample galaxies. Our results suggest a picture 
where dissipative processes were more important for building luminous bulges of Sa galaxies, 
whereas secular evolution may have played a larger role in building lower-luminosity bulges 
in spirals. More HST observations of GC systems in spiral galaxies are needed to verify 
these results. 
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Fig. 1. — Positions of clusters superposed on the /-band ACS/WFC images of (clockwise 
from top left) NGC 5475, NGC 4710, NGC 4866, and NGC 5308. See text for definitions of 
red and blue clusters. The green curve is a circle of radius 14 kpc drawn around the galaxy 
center. North is to the top and East is to the left. 
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Fig. 2. — GC color distributions for our target galaxy sample. The histograms with solid 
lines represent the color distribution within the inner 14 kpc in each galaxy. The dashed 
curves are the estimates from KMM while the dotted histograms represent the total number 
of clusters detected in the entire image. 
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Fig. 3. — Log of the surface number density per sq. kpc of the GCs as a function of radial 
distance from the center of the galaxy. Open squares and filled circles denote the values for 
the target galaxy and the Milky Way respectively. Vertical dashed lines are drawn at 14 kpc 
and at the extent of the GC system of each target galaxy. 



-17- 



1.5 



co^ 



0.5 





4710 


I 


5308 

c 


1 


1 /' 
1 / 


4594/ 

/ 

1 


54 

V 

a* 


75n 


7814 

1 


i 




1 [ 

1 


1 [ 




1 .... 1 ... . 


1 . . . . 



-20 -21 

Galaxy Afg 



O 






o 



1 1 1 1 1 










// 


/^ X' 


^ *- 


■^^ 1 


-^ 


1 ^ ¥ 1 ^ 


'^ 1 s; ^1 ^^^ 


' j^^V // - 


+:^ 


I ^ 


^-r 


1/ 




' 


- 


^^^ 1 1 

1 


i — 1 


- 



-19 -20 -21 -22 

Bulge luminosity in V 



Fig. 4. — Le]t: Relation between the galaxy B luminosity and specific frequency. The filled 
circles denote the total S'at for the sample galaxies while the crosses are the S'at values for 
the blue clusters alone. The filled squares and the ope n squares show th e total Sn values fo r 



early- t ype and late- typ e spira ls respectively taken from lGoudfrooij et al.l (120031 ) : lRhode et al. 



(120071 ): IChandar et al.l (l2004r). The dotted line s show the range of values seen for the total 
Sfq in late-type spirals (IGoudfrooii et al.ll2(303[) w hile the dashed line depicts a least-square 
fit to the Sfq of blue clusters (JRhode et al.l 120071 ). Right The number of red clusters as a 
function of the bulge V luminosity. The red filled squares represent all the red clusters while 
the black asterisks represent the number of red clusters within 2 -Re//- The solid lines show 
relations for S^ =0.1, 0.3, 1.0, and 2.0. 
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Fig. 5. — Left: Relation between the bulge luminosity in B and the fraction of r ed GCs. 
The solid black curve is a fit to the ellipticals (blue circles) from iPeng et al.l (|2008[ ). Black 
dashed lines represent the expected relation between the bulge luminosity and the fraction 
of red clusters for B/T = 0.75, 0.50, and 0.25 if all the red clusters formed in a manner 
similar to that in ellipticals. Red and magenta filled squares ar e the observed va l ues fo r 
the target galaxies and comparisons from iGoudfrooij et al.l (120031 ) and lSpitler et al.l (120061 ) . 
respectively. Open red squares indicate the predicted fraction of red GCs based on their 
B/T values. Black asterisks show the fraction of red GCs within 2 Refj- Right: Relation 
between the bulge luminosity in B and the fraction of red GCs within 2 -Re//- Black asterisks 
show the fraction of red GCs within 2 -Re// while the red open squares show their predicted 
fractions based on their B/T values. 
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Table 1. Basic properties of the galaxy sample 





NGC 5475 


NGC 4710 


NGC 5308 


NGC 4866 


m-M 


32.3 


31.0 


32.4 


32.3 


A^so 


-19.05 


-19.20 


-20.17 


-20.57 


Mk 


-22.89 


-23.43 


-24.04 


-24.38 


{g — i)kmm 


1.21,1.53 


1.37,1.64 


1.36,1.79 


1.43,1.80 


■^Ito 


23.99±0.09 


22.65±0.17 


23.41±0.06 


24.13±0.14 


^Ito 


-8.30 


-8.35 


-8.99 


-8.17 


'^bulge 


2.9 


1.2 


3.5 


3.0 


Sn 


0.44±0.12 


0.78±0.20 


1.17±0.31 


1.07±0.28 


Sn (blue) 


0.34±0.09 


0.61±0.16 


0.84±0.22 


0.63±0.16 


red fractn. 


0.23±0.06 


0.21±0.06 


0.28±0.05 


0.38±0.05 


B/T 


0.60 


0.48 


0.53 


0.47 


(g - /)div 


1.50 


1.50 


1.55 


1.60 



Note. — Row (1): Object ID. Row (2): Distance moduli calculated 
using velocity from |http://nedwww.ipac.caltech.edu| (NED) and assuming 
Ho = 70 km s -^Mpc-^. Row (3): Absolute B magnitude from NED. 
Row (4); Absolute K magnitude from NED. Row (5): g — I values of the 
peaks detected by KMM within 14 kpc. Row (6): The magnitude at the 
turn-over of the luminosity function in the / band. Row (7): The absolute 
magnitude of the turn-over in the /-band. Row (8): Sersic index of the 
bulge. Row (9): The total specific frequency for the GCs. Row (10): The 
specific frequency of the blue clusters alone. Row (11): The fraction of the 
red clusters obtained by dividing the number of red clusters by the total 
number of clusters. Row (12): Bulge to total luminosity ratio of the galaxy 
in the /-band. Row (13): g — I color to divide "blue" from "red" clusters. 



